The activity of the hypothalamic neurones is characterized by its susceptibility to the influence of various neural and humoral factors.
It is reported that some neurones in the ventromedial or lateral hypothalamus show alteration in the pattern of firing activity, paralleling the change in neocortical activity such as appearance or disappearance of sleep spindle or desynchronization.
On the other hand, neurones were found which increase or decrease discharge activity, with the change in humoral factors, like luteinizing hormone (LH), oxytocin or antidiuretic hormone (ADH)1,2,3,4,5). In fact there are not a few neurones that almost keep silent in normal conditions and only fire under specific influence of humoral or neural factor. This is quite a contrast to most of the thalamic or reticular neurones6,7). In order to understand this kind of discharge activity, it seems necessary to introduce a concept of system controlling this particular neurone. It may be possible to assume a change in the way of regulation of these systems, perhaps hyperactivation of a certain specific system among them, under a certain hormonal condition.
The traditional procedure of quantitative analysis of firing activity, such as calculating discharge rate, seems unsatisfactory, then. MOUNTCASTLE8) has pointed out the inadequacy of regarding the variability existing in what had been thought to be steady states of neuronal activity as a statistical error and proposed an idea to treat it as representing properties of the activity. By analyzing the thalamic activity with respect to the distribution of discharge interval, he found that driven activity by sensory stimulation reveals an entirely different mean-SD relation, i. e. a different distribution. The analyze the hypothalamic activity which seems to be "driven" by a certain humoral or neural factor.
Thus, statistical analysis was applied here for the elucidation of action of LH or oxytocin on hypothalamic unit activity, perhaps through activation of some unknown system.
MATERIALS AND METHODS
Experiments were made acutely on 85 mature female cats ranging from 2 .0-3.5kg in body weight, which were overiectomized 3-4 weeks prior to the experiment . In order to produce the estrous state estradiol benzoate was administrated in two successive subcutaneous injections of 0.08mg, 24 hours apart . The animals were anesthetized with ether during surgical procedures and the cranial bone and duramate of both sides were removed to expose the brain surface and to allow insertion of recording microelectrodes . To prevent the movement of the cerebrum due to respiration the skull window was covered with agar and an opening was made in the duramata of the occipital formen to allow the outflow of cerebrospinal liquid . For intravenous injection a small polyethylene tube was inserted deeply into a femoral or brachial vein without stopping circulation.
The animal's head was held firmly in place by a stereotaxic device and the body rested on an electrical heating pad to maintain a rectal temperature of over used to minimize body movement and respiratory blood pressure changes throughout the experiment.
After the operation , ether anesthesia was discontinued and the animal was immobilized by a minimum dose of gallamine triethiodide . For cortical EEG recording silver bipolar electrodes were placed on the presigmoid gyrus . analyzed either through on-line computer (Nihon kohden , ATAC 501-20) or by hand. Electrodes were oriented according to the stereotaxic atlas of JASPER22) . Recording was started 6 hours after recovery from ether anesthesia . Isotonic physiological saline (0.3-0.5ml) was injected intravenously before and after oxytocin or LH administration , and it was confirmed that no change occurred in any form of electrical activity due to saline.
A tapered glass rod with a rounded end was used for mechanical stimulation of vulva, vagina or cervix for one minute . The rod was lubricated with liquid paraffin before insertion into the reproductive tract.
As a control for vaginal stimulation , stimulations by other means such as stroking thigh or pinching tail , were performed.
To determine the position of the electrode tip, a small amount of iron was deposited at each experiment. In general, the firing frequency of the hypothalamic neurones was relatively low as compared with that of the cerebral cortex and thalamus8,12). The microelectrode study on the midbrain reticular formation by these authors (unpublished) revealed that the unit activity in this area also shows a discharge of high frequency (10-50 pps). Majority of the hypothalamic neurones fire at the frequency of 0.1-10.0 impulses per second and it is quite rare to fire oftener than 20 pulses per second. Firing frequency in most of the neurones (35%) was below 2 pps, though there was some regional difference.
In some hypothalamic portions 60% of the neurones examined fired less oftener than 2 pps while in other areas only 30% of the neurones did so. Neurones firing at over 30 pps was quite rare and only 3% even in the lateral hypothalamic (LHA) where neurones were found to fire at relatively high frequency.
As estrus in the anterior hypothalamic area (AHA) the number of neurones firing at lower frequency below 2 pps somewhat decreased and there was an increase in 4-6 pps firing neurones. Neurones of higher firing frequencies above 10 pps did not increase or decrease.
About 50% of the neurones in the ventromedial nucleus (VMH) fired less oftener than 2 pps, and the neurones firing at above 10 pps were very rare. As estrus, there was a tendency toward slowing down of firing. This is quite interesting in view of the fact this portion plays some important role in the process of estrus circle in reflectorily ovulating animal like cats. However, as will be described later, many of the neurones in this area are profoundly influenced by general activation state, and therefore it was sometimes quite hard to isolate the change in firing due to estrous cycle from that caused by general activation.
In the LHA, more than 60% of neurones observed fired at above 4 pps at estrus.
In contrast to the VMH neurones, they tended to fire at higher frequency than at anestrus (FIG.1) .
Thus the discharge frequency of the hypothalamic neurones as well was found to be, affected by the relatively gradual change in endocrine factor.
On the other hand, there exist in the hypothalamus those neurones which respond to phasic change in the general activation level. In 54 out of 204 neurones distributed in the AHA, LHA, VMH and dorsomedial nucleus of the hypothalamus (DMH), a change in firing frequency was recognized which corresponded to the neocortical (pre-sigmoid gyrus) EEG changes in sleepwakefulness.
FIG.1.
Histogram showing resting firing frequencies of sample neurones in various portions of the hypothalamus recorded from castrated female cats immobilized with guallamine. The number in the parentheses indicates the size of the sample. Note that, during estrus, the number of units with lowest discharge frequency increased in the ventromedial hypothalamic nucleus (VMH), while in the lateral hypothalamic area (LHA) and anterior hypothalamic area (AHA) the units of higher firing frequency increased.
TABLE 1 summarizes the distribution of neurones which are related to neocortical EEG activation level. In the AHA and the LHA, the increase in discharge rate precedes the transition of neocortical EEG stages from spindle or slow wave sleep to arousal.
On the other hand a majority of the VMH neurones tended to show increase in firing frequency during the episodes of the sleep spindle burst in EEG of the motor cortex.
Increase or decrease in spike discharges preceding the EEG change by 1-4sec could be observed in these neurones when they are not too active.
B. Interval histogram of hypothalamic unit discharges The discharges of neurone as a train of pulses can be analyzed into discharge interval histogram.
As the sample population, the inter-spike intervals of the unit activity recording of a definite length (1, 2 or 5 minutes) were taken. The size of the sample was over 300 in any case. The interval class was 1/5-1/10 of the mean, which had been found most suitable for classifying the distribution, on the basis of preliminary analysis. V: ventromedial hypothalamic nucleus, L: lateral hypothalamic area, A: anterior hypothalamic area. In most of the neurones examined the estimate of regression coefficient was 0.9-1. 4 .
In a few neurones as L-2-3 and V-8, however the coefficient took a lower value. statistical viewpoint.
On administration of oxytocin the discharge pattern of hypothalamic neurones shows change, if it ever does, starting at 20-80 seconds after administration, continuing for 5-15 minutes. On LH administration the change appears 10-30 minutes after injection and continues for several hours. The time series of neuronal discharge, before and after administration, were respectively divided into segments of equal time length.
The length of segment was 1 or 2 minutes for oxytocin administration and 5 minutes for LH administration.
Then mean and standard deviation (SD) of discharge interval was calculated for each segment and then the regression line of mean and SD of interval was obtained.
FIG .3 represents the regression line between mean and SD of discharge interval in spontaneous neuronal discharge of different distribution.
It is obviously recognized that the neuronal discharge showing exponential of gamma type interval histogram reveals a relatively abrupt regression line having regression coefficient above 1.0. The regression line of the discharge of Poisson and normal distribution showed a more gradual slope. The interval histogram and plot of mean and SD in VMH neuronal activity at anestrus (A) and estrus (B) before and after LH administration. Both of anestrus and estrus the mean interval increased after LH administration. Note that at anestrus the change occurred along the on regression line, while at estrus deviation from the control regression line resulted by LH.
of variation (C. V.) was constant for an individual neurone and the regression showed good linearity.
At anestrus in a majority of VMH neurones, LH administration induced an increase in the mean interval and SD, but the coefficient of regression was unchanged (FIG.5, left) .
At estrus a few neurone were found which after LH administration showed a different SD-mean regression line. The mean interval extended but SD did not follow it, hence the slope was remarkably decreased.
Such neurones were only found in those which revealed no correspondence with neocortical EEG activity.
It is to be noted that the interval histogram of these neurones were of "unclassified" type (FIG.5, right) . In neurones of Poisson type or normal distribution, LH administration proved ineffective.
Lateral hypothalamic area. Only one neurone out of 10 LHA neurones examined here showed a change in discharge activity by LH administration . It was observed in the case where the activity of two adjacent neurones was picked up at a time from one electrode with discrete amplitude.
One of the two neuronal activities were of Poisson type distribution with a mean interval of 100-120ms and SD 50-60ms (CV: 0.5) and was not affected by LH administration. The other neuronal activity, with mean interval 200-250 ms and SD 170-270ms (CV: 0.7-1.2), showed an increase both in mean interval and SD by LH administration. The coefficient of regression did not change, however . It is to be noted that these two neighboring neurones seemed to have some interaction.
As in FIG.6 , cross-correlation analysis of the two neuronal activities revealed a significant supression of the latter activity for 3-4ms after discharge of the former neurone.
On the other hand , discharge of the latter neurone exerted no influence on the probability of firing of the former .
Thus the period of suppression of the latter neurone was found after the former fired (FIG.6) .
Similar phenomenon was observed in some VMH neurone (FIG.7) . exponential type. However two cases were found in which a change of entirely different pattern occurred. During the control state they showed distribution showing two peaks with a mean interval 30-40ms and coefficient of regression about 1.4. From 2 to 6 minutes after oxytocin injection, the mean intervals significantly extended but SD did not increase in proportion to the increase in mean. Therefore the slope greatly reduced (FIG.8, right) .
In estrus neither type of neurone was influenced by oxytocin.
(1)
The crosscorrelogram between the discharge activity of two VMH units (1) (2) recorded simultaneously from one electrode. The interval histogram of the unit (1) was exponential type while that of the unit (2) was normal.
Note the decline in the probability of firing by the unit (1) for 10 ms after the unit (2) fired.
Ventromedial hypothalamic nucleus. In anestrus by oxytocin administration neurones of gamma type distribution showed an increase in mean discharge interval and SD from 20-30 seconds through 15minutes after injection. There were a few neurones among them which entirely ceased to discharge at about 2minutes after administration. After several minutes, then, the neurone recovered its control state of activity.
These changes were observed in neurones connected to neocortical EEG activity.
In a few exceptional cases, there occurred a decrease in the mean interval and SD. However it was found that these changes occur along the extention of the same regression line as the control.
The neurones of normal and Poisson distribution were not influenced by oxyto cin injection. Interval histogram of successive 2 minutes' samples and the plot of its mean interval and standard deviation in two AHA neurones before and after oxytocin administration at anestrus. In the neurone shown in the left of the figure, the mean firing interval and standard deviation decreased after oxytocin administration keeping a linear relationship.
In the neurone, however, as exemplified in the right half, the linearity of the mean-SD regression could not be observed after oxytocin injection. The interval histogram before oxytocin injection consisted of two peaks. After oxytocin administration, the peak of the shorter interval became less remarkable while the peak of longer interval became more dominant.
The character "C" indicates sampling before administration.
In most cases oxytocin administration at estrus induced no remarkable change in neuronal activity.
However there were a few neurones which showed a transient increase in discharge rate for 10 seconds, directly after oxytocin injection.
Only one out of 10 neurones showed an increase in the discharge rate, keeping the same mean-SD relationship, as the control state. The neuronal activity was of gamma type distribution and did not show a corresponding change with pre-sigmoidal EEG pattern.
Lateral hypothalamic nucleus. In the dorsolateral neurones, most of which showed no correspondence with neocortical EEG activity, by oxytocin administration in anestrus, the mean discharge interval and SD decreased along the extension of the control regression line. The changes were less durable than those observed in the VMH neurones.
On the other hand at estrus there were some neurones in this area which showed an increase in mean and SD from 1 to 8 minutes after oxytocin administration.
This change was also on the same regression line as the control.
On the other hand, in the VMH neurones, which was found to have correspondence with neocortical EEG activity, there were a few which responded to oxytocin by a decrease in mean interval and SD in anestrus and an increase in estrus.
None of the neurones with normal or Poisson distribution responded to oxytocin.
DISCUSSION
The attempt of regarding the neuronal activity of the diencephalon as a statistical process and defining it, by the shape of distribution, is quite new and data has not been satisfactorily accumulated. Among them POGGIO and VIERNSTEIN12) reported that some of the inter-spike interval histograms of thalamic neurones are of Poisson type. RODIECK9) noted in the cochlear nucleus neurones showing Poisson, quasi-Gaussian and bimodal distribution. There were also several neurones of unclassified distribution. With respect to hypothalamic unit activity, OMURA13) reported that the interval histogram could be classified as either gamma or exponential distribution.
The present experiment also showed that majority of hypothalamic unit discharges were of gamma or exponential type, but at the same time revealed the existence of not a few neurones of Poisson, normal and unclassified distribution.
The latter types of neurones are few in number and they seem to belong to an entirely different neural system.
For instance, while neurones of gamma or exponential distribution reveal an alteration in firing activity in correspondence with the change in neocortical EEG activity, those of Poisson, exponential and unclassified distribution revealed no such correspondence. The discharge pattern of the neurones which responded to blood LH or oxytocin were analyzed from statistical view-point. 1. The pulse train of neuronal activity was analyzed into discharge interval histogram.
In addition the statistical dependency between mean discharge interval and standard deviation was calculated.
In three fourths of the hypothalamic neurones the discharge activity showed exponential or gamma type distribution of discharge interval and the rest showed either normal, Poisson or unclassified distribution.
In the control condition the coefficient of regression was between 0.9 and 1.4 and the linearity was good. Although no essential difference existed in the distribution of inter-spike interval between estrus and anestrus, an increase in the discharge rate was observed in anterior hypothalamic neurones and a decrease in LH neurones. 2. Both at estrus and anestrus LH administration caused mean discharge interval of the anterior hypothalamic neurones to decrease and of the VMH neurones to increase. The change in discharge interval by LH at anestrus was accompanied by an increase in standard deviation and the same mean-SD relationship was kept as before administration.
On the other hand LH administration at estrus resulted in deviation of mean-SD relation from the regression line of the control condition.
The latter type of change could be observed in a few neurones of unclassified distribution in the VMH and AHA. 3. By oxytocin administration at anestrus the discharge rate of AHA and LHA neurones increased and of VMH neurones decreased.
On the contrary at estrus oxytocin injection caused discharge rate of lateral hypothalamic neurones to decrease and of ventromedial hypothalamic neurones to increase. In the majority of these cases, the change could be plotted on an extension of mean-SD regression line obtained before administration.
But there were a few neurones which showed a deviation downward from the control regression line. This type of change was observed only in neurones of unclassified distribution.
Discussion was made on the mechanisms underlying the changes in hypothalamic neuronal activity induced by administration of LH and oxytocin.
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